Metallic nanostructures such as nanoholes,^[@ref1]^ nanoparticles,^[@ref2]−[@ref4]^ and sharp tips^[@ref5]^ are key elements for plasmonics,^[@ref6]^ metamaterials,^[@ref7],[@ref8]^ and near-field optics.^[@ref5]^ Advanced top-down fabrication methods can produce precision-patterned metallic nanostructures on solid substrates such as silicon wafers.^[@ref9]^ Placing these metal nanostructures on stretchable substrates can add a new degree of freedom to plasmonic devices and metamaterials to mechanically tune their optical properties. These functional films can also wrap around nonplanar surfaces for applications such as strain sensors,^[@ref10],[@ref11]^ touch panels,^[@ref12]^ curved displays,^[@ref13]^ and metasurfaces.^[@ref14]−[@ref16]^ To these ends, researchers have employed various methods such as transfer on polydimethylsiloxane (PDMS) films,^[@ref17]^ stencil lithography,^[@ref18]^ resist evaporation,^[@ref19]^ transfer printing,^[@ref20]^ and nanoskiving^[@ref21]^ to demonstrate metal nanostructures on unconventional substrates.

In this work, we demonstrate the potential of template stripping to produce stretchable metallic films. Template stripping has emerged as a versatile technique to produce smooth patterned metals with high throughput for plasmonics, metamaterials, and near-field optics.^[@ref22]−[@ref29]^ Instead of directly patterning the metal films, here an inverse pattern is created in a reusable silicon template, replicated by a deposited metal film, and the patterned metal is removed from the silicon template. The use of crystalline silicon wafers for templates opens up many processing options such as plasma etching and crystal-orientation-dependent wet etching and enables films to be produced with much smoother surfaces than as-deposited metals. Previous work on template stripping demonstrated pattern transfers using optical adhesive, polyethylene films,^[@ref27]^ or as free-standing metal foils after electroplating.^[@ref24]^ Because this technique is based on transferring metals from a silicon wafer to a backing layer, it is possible to template-strip metals with stretchable films such as PDMS. Template stripping can produce planar films as well as 3D structures such as sharp metallic pyramids for imaging and spectroscopy applications.^[@ref29]^

We report detailed methods to transfer patterned metal films from a silicon wafer to PDMS and show examples of mechanically tunable plasmonic resonances using periodic gold nanohole arrays and pyramidal tips. We also show that template stripping can be performed using a roller to transfer the patterned metals to cylindrical surfaces.

Results and Discussion {#sec2}
======================

Previous work on stretchable plasmonic devices focused on changing the distance between metal nanoparticles on a PDMS surface. Here we template-strip continuous patterned metal films using a PDMS backing layer and mechanically modulate their optical transmission spectra. After characterization of planar structures, we extend our method to gold pyramids.

Fabrication and Characterization of Stretchable Gold Nanohole Arrays {#sec2.1}
--------------------------------------------------------------------

Since the report of extraordinary optical transmission (EOT) in subwavelength hole arrays,^[@ref1]^ nanohole arrays patterned in metals have become one of the most extensively studied plasmonic structures for fundamental optical physics^[@ref30]−[@ref33]^ as well as applications in spectroscopy,^[@ref34]−[@ref36]^ biosensing,^[@ref37]−[@ref39]^ and color filtering.^[@ref40],[@ref41]^ High-throughput patterning of periodic nanohole arrays has been accomplished by techniques such as optical interference lithography,^[@ref42],[@ref43]^ colloidal lithography,^[@ref44]^ and template stripping.^[@ref24],[@ref26]^ Here we perform template stripping of large-area gold nanohole arrays with stretchable PDMS films.

Our fabrication scheme is illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. First, a Si template is produced by creating a 2D array of deep circular holes (180 nm diameter and 500 nm periodicity) in a Si wafer using nanoimprint lithography (Nanonex, NX-B200) and reactive ion etching (STS, 320PC). Then a 200 nm-thick Au film is deposited on the Si template through a shadow mask with an open area of 10 mm × 10 mm. During the metal evaporation process, nanoholes are formed in the deposited Au film.

![Stretchable gold nanohole arrays on a PDMS film. (a) Schematic of the fabrication process. (b) Scanning electron micrograph (SEM) of a gold nanohole array template-stripped using a PDMS backing layer. Scale bar: 1 μm. Inset: Zoomed-in SEM of the nanohole array (150 nm hole diameter and 500 nm period). (c) Measured optical transmission spectra from a nanohole array stretched along the *x* axis and illuminated with x-polarized light. The unstretched nanohole array exhibits two main resonance peaks: the (1,1) Bragg resonance at 635 nm and the (1,0) resonance at 777 nm. After stretching in the *x* direction, the (1,0) resonance in the x-polarization red-shifts while its intensity decreases. (d) Transmission spectra for the nanohole array on PDMS stretched along the *x* axis with illumination with y-polarized light. In this case, the (0,1) peak shifts to shorter wavelengths and its intensity increases.](nn-2015-05279s_0001){#fig1}

Gold or silver films deposited on the oxidized surface of the Si template can readily be stripped using optical adhesive or sticky tape, but not with PDMS due to poor adhesion. Therefore, we use a self-assembled monolayer of 3-Mercaptopropyltrimethoxysilane (MPT) as an adhesion layer between the metal film and PDMS. The use of a Ti or Cr adhesion layer is not desirable because they can increase unwanted plasmon damping in the nanohole arrays. MPT is vaporized and immobilized on the exposed Au surface of the nanohole array film and also on the Si surface that is not covered by the gold film. Then PDMS is spin-coated on the gold film over the Si template. The MPT layer formed on the gold surface acts as an adhesion promoter for PDMS while the MPT layer formed on the Si surface prevents PDMS from sticking there.^[@ref45]^ After curing the PDMS at 60 °C for 12 h, the perforated Au film, which is now adhered to the PDMS substrate, is template-stripped. A scanning electron micrograph (SEM) of a template-stripped periodic Au nanohole array (150 nm hole diameter) on a PDMS substrate is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. After template stripping, the top surface of the Au nanohole array is spin-coated again with PDMS for double-sided encapsulation during stretching experiments. This step also merges the EOT peaks from the top and bottom surfaces, simplifying the analysis of the EOT spectra.

The fabricated Au nanohole array is stretched using a home-built tool (Figure S1). Further information on the stretching method and tool can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b05279/suppl_file/nn5b05279_si_001.pdf). The optical transmission spectra of the nanohole arrays were measured with incident light that is polarized parallel ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) or orthogonal ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) to the stretching direction (*x*-axis) with a gradually increasing strain level. Before stretching, the nanohole array exhibits two main EOT peaks at wavelengths of 635 nm (fwhm = 56 nm) and 790 nm (fwhm = 16 nm). These peaks are the (1,1) and (1,0) Bragg resonances, respectively, using the following equation to approximate the peak position:^[@ref30]^Here the integers (*i*, *j*) represent the Bragg resonance orders along the *x*- and *y*-axis, respectively, and ε~d~ and ε~m~ are the dielectric constants of the dielectric and metal, respectively.

As the nanohole array is stretched along the *x*-axis, parallel to the polarization of the incident beam, the corresponding (1,0) resonance peak red-shifts due to the increasing periodicity of the hole array ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). As the circular holes are elongated in the *x*-direction with stretching, the electric field induced by surface charges becomes weaker and reduces the transmitted light intensity.^[@ref46]^ When the polarization of input beam is perpendicular (*i.e.*, along the *y*-axis) to the stretching direction (*x*-axis), opposite trends are observed; here the (0,1) resonance peak \[before stretching, the (1,0) and (0,1) resonances are degenerate and in the same position\] blue-shifts while the intensity of the peak increases ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The observed blue shift can be explained by the contraction of the film along the *y*-axis when it is stretched along the *x*-axis, a relationship that is determined by the Poisson's ratios of the PDMS/Au composite film. The reduced array periodicity in the *y*-direction blue-shifts the peak wavelength. The peak intensity increases because of enhanced coupling of localized charges on the opposing edges of y-axial nanoholes.

The maximum spectral shift of the (1,0) or (0,1) resonance peak after stretching the PDMS substrate by 10% was about 7 nm and its measured line width (fwhm) was 20 nm. On the other hand, the (1,1) resonance peak does not move, as the change in length along the (1,1) direction is relatively small compared to the change in the (1,0) and (0,1) directions.

Our results indicate that the geometrical deformation of a nanohole array can induce polarization anisotropy in EOT. The changes in measured transmission spectra of nanohole arrays with stretching were compared with 3D finite-difference time-domain (FDTD) simulations (Fullwave, RSoft). The simulation results are in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b05279/suppl_file/nn5b05279_si_001.pdf) (Figure S2). The measured spectral shift of 7 nm corresponds to only a 1% change in the length of the hole and periodicity while the entire substrate was stretched by 10%. The reason that the nanohole array only stretches by 1% is that cracks form in the surrounding substrate. Although the spectra were measured from a large 200 μm × 200 μm area of the nanohole array containing no cracks or wrinkles, the surrounding area of the full 8 mm × 8 mm template-stripped sample had random cracking which accounts for the increased stretching of the total film.

Fabrication and Characterization of Stretchable Gold Pyramids {#sec2.2}
-------------------------------------------------------------

Nonplanar 3D structures can also be transferred onto PDMS. For example, below we use our approach to fabricate arrays of Au pyramids. Because our pyramids were constructed from a gold layer that is intentionally thinner on one facet, SPPs can be launched with internal (*i.e.*, backside) illumination, leading to nanofocusing of SPPs at the pyramid tip.^[@ref47]^ The wavelength of the light scattered at the tip can then be modulated by regulating the angle of the pyramid facets with respect to the incident light *via* stretching.

The fabrication process for asymmetric metallic pyramid arrays on PDMS substrates is depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. First, an array of circular patterns is made in a silicon nitride (Si~3~N~4~) film on a Si wafer *via* photolithography (Karl Suss, MA-6) and dry etching (STS, 320PC). Second, anisotropic Si etching in a Potassium hydroxide (KOH) solution^[@ref23],[@ref48],[@ref49]^ creates inverted pyramidal pits in the exposed regions and the silicon nitride mask is removed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Next, circular photoresist patterns that reveal individual openings of pyramids are made to isolate each pyramid ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Then a 135 nm-thick Au film and a 10 nm-thick Ti adhesion layer are deposited at an incidence angle of 10° from normal by directional electron-beam evaporation (CHA, SEC 600), resulting in asymmetric Au pyramids with different Au thicknesses (45 and 120 nm) on opposing facets. After metal lift-off, an array of isolated, inverted Au pyramids is obtained ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Following O~2~ plasma exposure to break bridging oxygen bonds on the Ti surface, PDMS (10:1 weight ratio mixture of base resin and curing agent) is spin-coated onto the Si template with the Au pyramidal pit array. After curing for 12 h at 60 °C, the PDMS layer is peeled off of the Si template ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d).

![Fabrication of isolated gold pyramids template-stripped onto PDMS. (a) An array of pyramidal pits is formed by anisotropic etching in KOH through circular openings in a Si~3~N~4~ etch mask which is subsequently removed. (b) An array of 8 μm diameter circles in photoresist is patterned on top of the etched inverted pyramid array. (c) 135 nm of Au followed by 10 nm of Ti are deposited at 10° from normal using a directional e-beam evaporator. After lift-off, an array of disconnected, inverted Au pyramids is generated. (d) After oxygen plasma exposure to break bridging oxygen bonds, PDMS is spin-coated over the Au pyramidal pit array and cured at 60 °C for 12 h. The PDMS layer is then peeled off of the Si wafer. (e) Top-view and (f) bird's eye view SEMs of a Au pyramid array on a PDMS substrate. Scale bar: (e), (f) 20 μm. (g) Photograph of 1 in. × 1 in. flexible PDMS film fully covered with gold pyramids.](nn-2015-05279s_0002){#fig2}

SEMs of stretchable gold pyramids on PDMS are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e,f. The array of smooth and sharp Au pyramids can be fabricated over a large-area on PDMS as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g. The base width of an unstretched pyramid as seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a is 7 μm. When the PDMS substrate is stretched by 10% and 20%, the base width of pyramid increases by about 5% and 10%, respectively, because the region consisting of only PDMS is stretched more than the area covered with gold.

![Tunable resonances of stretched metallic pyramids on PDMS. (a) The base width of the initial pyramid is 7 μm. (b) When the film is stretched to 10% past its initial length, the observed width increase of the pyramid's base is about 5%. (c) When stretched to 20%, a 10% increase in the pyramid base width is observed. Scale bar: (a--c) 10 μm. (d) Cross-sectional schematic illustrating SPPs being generated on the thin Au face of the pyramid. (e) The measured spectra of scattered light at the pyramidal tip. As the applied force increases, the peak position of the spectra red-shifts from 545 to 682 nm. (f) CCD image of an asymmetric pyramidal tip that is internally illuminated with a white light source. The approximate position of the pyramidal tip is represented by dotted white lines. Green light (545 nm) is observed from the tip for no strain. (g) Spectral tuning of the light scattering at the tip by changing the incident angle *via* applied strain.](nn-2015-05279s_0003){#fig3}

Angled electron-beam evaporation of Au simultaneously creates a large array of pyramids with two different thicknesses on opposing sides (45 and 120 nm). Verification of this through cross-sectional imaging has been shown in a previous paper.^[@ref47]^ A 120 nm-thick Au film is optically opaque and hence blocks the incident light from the backside of the pyramid, whereas a 45 nm-thick Au film is optimal in exciting SPPs using a Kretschmann-like configuration. As illustrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, stretching the Au pyramid changes the angle between the pyramid face and the incident light, which in turn changes the SPP coupling condition. Scattered light spectra from the pyramid tip and spectral shifts caused by stretching the pyramid are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e. All spectra were measured with white light polarized parallel to the stretching direction. The resonance peak wavelength, initially located at 545 nm without an applied force, gradually increases up to 682 nm as the applied force increases. The decreased incident angle of light as the pyramid stretches with the applied force causes the wavelength shift.^[@ref5]^ Assuming a conventional Kretschmann-like coupling mechanism,^[@ref50]^ the incident light with θ~in~ reflects at the interface between Au and PDMS, resulting in an evanescent field with in-plane momentum *k*~*x*~ = √ε sin θ~in~ propagating along the Au and PDMS interface, which excites SPPs at the interface between the Au and air. Thus, a reduced incident angle increases the wavelength of SPPs excited on the Au surface. The color green was observed at the tip when the resonance wavelength was located at 545 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f) and the color red at 682 nm was seen for 9% strain. The wavelength of light scattered at the tip linearly increases with the mechanical strain, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g, demonstrating the tunability of the resonance by stretching a pyramid on the PDMS substrate. The pyramidal tips show a large resonance shift due to the strain, so large that the percentage change in wavelength is even larger than the percentage change in stretching. This high sensitivity to stretching likely originates from the high angular sensitivity of Kretschmann-like coupling of SPPs^[@ref50]^ on the pyramidal facets.

Roller Template Stripping {#sec2.3}
-------------------------

Metal structures on PDMS films can be placed conformally on nonplanar surfaces for various applications in optics, electronics, plasmonics, as well as metasurfaces. With template stripping, this transfer process can be made ever simpler and more controllable, because a cylindrical roller can be used to strip and transfer the patterned metal film onto a curved surface in a one-step rolling process, as illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![(a) Illustration of a roller template stripping process. Patterned metals on a silicon template are covered with a PDMS transfer layer (white) followed by a sticky double-sided Kapton tape (red). A glass rod lens is used as a rollable substrate to peel off patterned metals from the Si substrate and wrap them around its cylindrical surface. (b) Gold nanohole array films can be transferred using only a Kapton tape layer. (c) An array of 7 μm sized pyramids was rolled onto the curved surface of a glass rod (2 mm in diameter). Scale bar: 20 μm. (d) Nanohole patterns transferred onto a glass rod with a 10 mm diameter. The nanohole array with a 500 nm period and a 200 nm hole size was separated into 200 μm by 200 μm square patterns *via* standard photolithography before transferring to the glass rod. Scale bar: 1 μm. (e) An array of Au disks (200 nm diameter) was integrated onto the surface of a 1 mm radius glass rod using an optical epoxy transfer layer. Scale bar: 1 μm. (f) An array of parallel Au wires (5 μm width) was transferred onto a glass rod (2 mm diameter) with optical epoxy and a Kapton tape transfer layer. Scale bar: 30 μm.](nn-2015-05279s_0004){#fig4}

During the peel-off process, a sticky transferring layer is attached to the supporting substrate, which in this case is the curved surface of glass rod lens. Here, a Kapton tape, a special type of polyimide, is used as the sticky transferring layer. By performing template stripping using a cylindrical roller, it is possible to control the bending angle of the flexible substrate (*via* the roller diameter) and the speed of template stripping (rolling speed) precisely. This technique can integrate both continuous and discontinuous patterned metal structures with curved surfaces in a facile and controlled manner. For 3D metallic patterns such as pyramidal structures, a supporting layer like PDMS is needed to fill the void inside the pyramid. The sticky transferring layer starts integrating the metallic pyramids onto the curved surface as it is rolled up. On the other hand, 2D metallic patterns like nanohole array can be directly transferred onto the roller using only a sticky transfer layer (Kapton tape) and no supporting layer (PDMS).

Our process, shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b, can be used to transfer various metallic structures onto rollable substrates. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, arrays of 7 μm sized pyramids are transferred onto the curved surface of a 2 mm diameter glass rod using both a support and transfer layer. Furthermore, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d shows the nanohole patterns transferred onto a 10 mm diameter glass rod. The nanohole array with 500 nm periodicity and 200 nm hole size was separated into 500 μm by 500 μm square patterns prior to template stripping by photolithography and wet etching. To reduce stress in the metal film and prevent cracking, the size of each nanohole array is limited to a few hundred microns.

For roller template stripping of submicron-size patterns from a Si substrate, optical adhesive (Norland Inc., NOA63) was used as a transfer layer instead of Kapton tape to enhance adhesion for small metal structures ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e,f). A thin layer of partially cured NOA63 is flexible and was wrapped around the glass rod lens. Using this approach, an array of gold disks (200 nm diameter) was successfully integrated on the glass surface of 1 mm radius using the optical epoxy supporting layer ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). Metal wires (5 μm width) can also be transferred at various angles to the cylindrical axis of the rod lens ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f). In this case both the optical epoxy supporting and Kapton tape transferring layers were used. In this technique, both bending angle and strip speed can be used as process parameters. Moreover, the type of supporting layer could be selected according to the structure to be transferred. Such controllability can facilitate successful integration of smooth patterned metallic structures onto curved surfaces. For example, plasmonic nanostructures could readily be integrated onto the curved surface of an optical fiber or microsphere resonator for sensing applications. Since metallic apertures, nanoparticles, tips, and wire grids are basic building blocks for metasurfaces,^[@ref15],[@ref16]^ our roller template stripping technique can provide a practical route for manufacturing large-area nonplanar metasurfaces. For applications requiring large-area patterning beyond the standard wafer scale, such as transparent electrodes,^[@ref51]^ and flexible touch panels,^[@ref12]^ roller template stripping may be combined with roll-to-roll processing schemes to mass-produce continuous patterned metal foils or polymer films embedded with high-quality patterned metals.

Conclusions {#sec3}
===========

We have demonstrated a novel method of integrating plasmonic nanostructures such as Au nanohole arrays and pyramids with PDMS using template stripping allowing for mechanical tuning of the plasmonic properties of these nanostructures consisting of continuous metal films. Using our technique, it is possible to modulate the EOT spectra through nanohole arrays and the wavelength of light resonantly scattered at the tip of a gold pyramid. We took this approach one step further by demonstrating roller template stripping of metallic nanostructure onto cylindrical surface of a glass rod lens. This method can be combined with other cylindrical surfaces such as optical fibers, spherical surfaces such as microsphere resonators, or other structured surfaces to enable integration of plasmonic properties with light delivery mechanisms, and fabrication of optrodes, hyperlenses, nonplanar metamaterials,^[@ref52],[@ref53]^ and cylindrical displays.^[@ref13]^ Finally, nanopatterning on a cylindrical roller can be used for subsequent roll-to-roll nanoimprinting.^[@ref54],[@ref55]^

Methods {#sec4}
=======

Fabrication of Au Nanodisks and Wires {#sec4.1}
-------------------------------------

A standard Si wafer was spin-coated with thermal resist (Nanonex, NX-175) at 3500 rpm for 60 s. It was then imprinted using an 8 mm by 8 mm Si nanoimprint mold containing a post array with 200 nm diameters and a 500 nm period. The oxygen plasma was used to remove the residual thermal resist of the imprinted area. Micron-sized lines were patterned using SPR 179 positive photoresist, which was spin-coated on a bare Si wafer at 3000 r.p.m. for 60 s. A Cannon stepper was used for exposure at 250 mJ. After the developing process, residual photoresist in the exposed region was eliminated by 30 s of oxygen plasma (STS, 320PC). 100 nm of Au was deposited using an electron-beam evaporator (CHA, SEC600), followed by a lift-off process in acetone.

Far-Field Spectroscopic Measurements of Scattered Light from a Au Pyramidal Tip {#sec4.2}
-------------------------------------------------------------------------------

It was measured on an inverted Nikon (Eclipse) microscope. The samples were placed inverted with pyramid tip facing down. White light was then illuminated through a condenser and polarizer and the light scattered at the tip was collected using a 100× objective (NA 0.9) and imaged using a low noise deep cooled CCD (Princeton Instruments, PIXIS) connected through a Newport spectrometer.

Optical Transmission Measurements from Au Nanohole Arrays Encapsulated in PDMS {#sec4.3}
------------------------------------------------------------------------------

It was characterized on an upright Nikon microscope. White light was illuminated *via* a condenser and collected through a 20× objective (NA 0.45). Spectral measurements were performed using a TE-cooled Ocean Optics QE65000.
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